New functionalized magnetic core-shell nanostructures were developed based on magnetite as magnetic core covered with pyrrole copolymers substituted by α-amino acids. The 3-substituted pyrrole monomers were synthesized by amide formation between an α-amino acid and 4-(1-phenylsulfonyl-(1H-pyrrol-3-yl)-4-oxo-butyric acid. Further, these substituted pyrrole monomers were copolymerized with unsubstituted pyrrole by oxidation with ammonium persulfate in the presence of water based magnetic nanofluids yielding functionalized magnetic core-shell nanostructures. The morphology of these magnetic functionalized polypyrrole core-shell nanoparticles was investigated by TEM and HRTEM, while the molecular structures and magnetic properties were investigated by FTIR spectroscopy and magnetization measurements, respectively.
Introduction
Magnetic nanoparticles (MN) have recently gained broad interest in various fields, such as medicine, [1] [2] [3] [4] biomedicine, [5] [6] [7] [8] [9] [10] in the construction of loudspeakers, 11, 12 as sealing materials [13] [14] [15] [16] [17] [18] and in sink float separation. [19] [20] [21] [22] For many medical and biomedical applications it is essential to functionalize their surface. The functions can be directly attached to the magnetic nanoparticles by adsorption or by using polymers, such as polypyrrole (PPy). The latter polymer was found to be biocompatible in vitro and in vivo 23, 24 and increasing interest has evolved for biochemical and medical applications. In this field, proteins [25] [26] [27] [28] [29] [30] (glycosidase and other enzymes, collagen, by us as the acid component has a longer linker. Thus the introduced amino acids are far enough from the pyrrole nucleus to avoid possible unwanted change in the conjugation and electronic properties in the resulting polymers by electronic or steric effects. We coupled the methyl esters of L-isoleucine 4a, L-valine 4b, L-phenylalanine 4c with 3 by using an adapted procedure from Abell et al. 47 and obtained 5a-c in excellent yields (Scheme 2). For the envisaged application of these new functionalized pyrroles 5a-c in copolymerisation reactions with pyrrole it was necessary to remove the 1-phenylsulfonyl protective group. We modified a literature-known method to implement this deprotection under basic conditions (Scheme 3) 47 and got the free functionalized pyrroles 6a-c ( Table 2 ). All compounds were purified by flash column chromatography on silica (CH 2 Cl 2 /MeOH/HCOOH, 90:10:1) affording good yields. Racemization did not occur under these conditions as was checked by chiral HPLC of 6b and 6c.
Synthesis of functionalized magnetic core-shell nanoparticles based on 3-substituted pyrrole copolymers
The water based magnetic nanofluids (MF) were prepared by a two-stage process, involving first the synthesis of magnetic nanoparticles, followed by their stabilization/dispersion by surfactants. The magnetite nanoparticles (MN) were synthesized through co-precipitation of Fe 3+ and Fe
2+
ions in solution with NH 4 OH in excess. The temperature was maintained at 80-82 o C, in order to obtain exclusively magnetite nanoparticles and to ensure optimal conditions for chemisorption of the surfactant. Combination of the surfactants lauric acid (LA), dodecylbenzenesulfonate (DBS) and oleic acid (OA), having different chain lengths were used, such as: LA+DBS, LA+LA, DBS+DBS and OA+OA (see also Table 1 ). 48, 49 These nanofluids provided the magnetic cores which were covered by copolymer shells obtained from functionalized pyrroles 6 and pyrrole later on. The copolymerisation was carried out in water using ammonium persulfate (APS) as oxidant. The type of substituted pyrrole 6 and the ratio of monomeric pyrroles were varied (Table 1) affording five new core-shell magnetic nanoparticles. These were characterized by FTIR, TEM, HRTEM and measuring of the magnetism. The HRTEM images given in Figure 2 show core-shell structures of functionalized magnetic copolymer nanostructures, with a crystalline magnetic core covered by a thin (1.5 -3 nm) copolymer shell, which is similar to those found in magnetic core-shell nanoparticles formed with unsubstituted pyrrole. demonstrating that the functionalized pyrroles 6 were incorporated. This analytic tool was also used by Lam et al. for the characterisation of copolymers composed of biofunctionalized pyrroles. 50 However, the ratio of unsubstituted to substituted pyrrole in the copolymer can not be determined in this way. It can be assumed that the substituted pyrroles 6 are less reactive in the copolymerisation than unsubstituted pyrrole and thus the ratio in the copolymer will not be equivalent to the ratio of reactants used in the polymersation. The spectra of magnetic nanoparticles MN-Py-ile, MN-Py-val and MN-Py-phe 2 containing functionalized polypyrroles show significant changes of the intensities and peak positions of the typical pyrrole ring vibration bands as compared with polypyrrole PPy. The peaks located at 914, 1190, 1465 cm -1 for PPy are shifted to higher wave numbers in the functionalized cases.
Furthermore, the adsorption bands ascribed to the collective vibration mode of intra-ring and inter-ring C=C/C-C were shifted from 1548 cm 
Magnetic properties
The typical behaviour of the magnetization vs. applied magnetic field of the functionalized magnetic nanocomposites MN-Py-val, MN-Py-phe 1 and MN-Py-phe2 at room temperature is shown in Figures 4a and 4b , respectively. The values of the magnetization are calculated related to the Fe 3 O 4 content of each nanocomposite. For all the reported functionalized magnetic nanocomposites, the magnetization does not show a hysteresis loop, being consistent with superparamagnetic behaviour. The saturation magnetization, M S for the nanocomposites is found at around 66 emu/g Fe 3 O 4 , which is in agreement with that usually reported for nanometric size magnetite. 
Conclusions
This study reports a convenient and effective synthetic route to new functionalized pyrrole monomers which are substituted by amino acids via a linker in position 3. Novel functionalized magnetic nanostructures with a magnetite core and different pyrrole copolymer shells were obtained by chemical oxidative polymerization in aqueous solutions in the presence of Fe 3 O 4 nanofluid. Formation of the functionalized core-shell magnetic nanoparticles was shown by HRTEM. FTIR spectra exhibited characteristic adsorption bands of both component materials, namely the functionalized polypyrrole and Fe 3 O 4 .
The missing hysteresis loop in the magnetization vs. applied magnetic field proved the superparamagnetic behaviour for the functionalized magnetic nanostructures based on functionalized polypyrrole.
Because the synthesis is very flexible, it could also be applied to other amino acids or peptides, in particular to those exhibiting biological recognition functions. Such investigations as well as the application of the magnetic core-shell nanoparticles for the separation of enantiomers are currently underway in our laboratories.
Experimental Section
General Procedures. All reagents were purchased from Aldrich Chemical Company and were used as received without further purification. Solvents were dried by distillation under an inert atmosphere. All reactions were performed under ambient conditions. 1 H-NMR and 13 C-NMR solution spectra were recorded at 300 MHz and 75 MHz, respectively; with a Bruker AC 300 in CDCl 3 as the solvent in 5mm NMR tubes with TMS as internal standard. The morphology of functionalized magnetic nanoparticles based on PPy was determined by TEM using 1010 JEOL microscope and HRTEM using Hitachi H9000NAR transmission electron microscope. FT-IR spectra were obtained with a JASCO FTIR 610 spectrophotometer. The magnetic measurements were performed at room temperature using a Vibrating Sample Magnetometer Cryogenics. The purity of all products was checked by HPLC.
Synthesis of 4-oxo-4-[1-(phenylsulfonyl)-1H-pyrrol-3-yl]butanoic acid (3)
To a suspension of AlCl 3 (4.80 g, 36.0 mmol, 3.0 eq.) in dry dichloromethane (20 ml) succinic anhydride 2 (1.80 g, 18.0 mmol, 1.5 eq.) was added at -30 °C and the mixture was stirred at -30 °C for 15 min. Subsequently, a solution of 1-(phenylsulfonyl)-1H-pyrrole 1 (2.49 g, 12.0 mmol, 1.0 eq.) in dry dichloromethane (20 ml) was added by an infusion pump over a period of 120 min. After completion of addition, the reaction was allowed to warm to room temperature and the progress of the reaction was followed up by TLC (about 30 minutes). The reaction was quenched with ice and the organic layer was separated. The aqueous layer was extracted with dichlormethane (3 x 20 ml), the combined organic layers were washed with water (2 x 50 ml) and dried over MgSO 4 . Removal of the solvent under reduced pressure resulted in the crude product as a brown oil, which was then purified by flash column chromatography R f = 0. 
Pyrroles 5 by amino acid coupling to 4-oxo-4-[1-(phenylsulfonyl)-1H-pyrrol-3-yl]butanoic acid (3). General procedure A
To a stirred (0.1 M) solution of pyrrole carboxylic acid 3 (1.0 eq. mol) and the L-amino acid ester hydrochloride 4a-c (1.1 eq. mol) in dry dichloromethane 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC) (1.3 eq. mol), N-hydroxybenzotriazole (HOBt) (1.5 eq. mol) and diisopropylamine (1.1 eq. mol) were added under argon at room temperature. The mixture was stirred for 16-18 h and then diluted with the same amount of dichloromethane. The organic layer was separated and was washed with 3 M HCl (2 x 20ml), water (2 x 20 ml), dried with MgSO 4 and evaporated under reduced pressure. The resultant oil was purified by flash column chromatography on silica (cyclohexane/EtOAc, 3:7). 2-((4-oxo-4-[1-(phenylsulfonyl)-1H-pyrrol-3-yl] butanoyl)amino)-3-phenylpropanoate (5c). According to general procedure A carboxylic acid 3 (1.08 g, 3.50 mmol, 1.0 eq.), L-phenylalanine methylester hydrochloride 4c (830 mg, 3.85 mmol, 1.1 eq.), EDC (706 mg (4.55 mmol, 1.3 eq.), HOBt (709 mg, 5.25 mmol, 1.5 eq.) and DIPEA (498 mg, 3.85 mmol, 1.1 eq.) in dichlormethane (35 ml) gave 1.59 g (4.0 mmol, 97 %) product 5c as brown oil after washing (2x18 ml 3 M HCl, 2x25 ml water) and purification by flash column chromatography. Clear highly viscous brown oil, [α = + 48.6 ° (c = 1.00 CH 2 Cl 2 ), R f = 0.38 (cyclohexane/EtOAc, 3:7 
Methyl (2S,3S)-3-methyl-2-((4-oxo-4-[1-(phenylsulfonyl)-1H-pyrrol-3-yl]butanoyl)amino)-pentanoate (5a

Unprotected pyrroles 6 by basic hydrolysis. General procedure B
To a solution of the pyrrole ester 5 (1.0 eq.) in methanol 2 M NaOH (2.5 eq.) was added at 0 °C resulting in a 1:1 mixture (v:v). The mixture was stirred at 40 °C for 1 h, diluted with fivefold amount of water, and the methanol was removed under reduced pressure. The aqueous solution was cooled to 0 °C and acidified with 3 M HCl to pH 2-3 and thoroughly extracted with ethyl acetate. The combined extracts were washed with water (2x), with brine (2x), dried over Na 2 SO 4 and evaporated under reduced pressure. The crude product was purified by flash column chromatography. (2S,3S)-3-Methyl-2-([4-oxo-4-(1H-pyrrol-3-yl) butanoyl]amino)pentanoic acid (6a). The ester 5a (1.74 g, 4.0 mmol, 1.0 eq.) dissolved in 5 ml methanol was hydrolyzed by general procedure B. Extracting with ethyl acetate (3x20 ml), washing with water (2x25 ml) and brine (2x20 ml), purification by chromatography gave 834 mg (2. Oxo-4-(1H-pyrrol-3-yl) butanoyl]amino)-3-phenylpropanoic acid (6c). According to general procedure B the ester 5c (776 mg, 1.67 mmol, 1.0 eq.) in methanol (2.5 ml), 2 M NaOH (2.5 ml, 4.14 mmol, 166 mg, 2.5 eq.) gave 398 mg (1.27 mmol, 76 %) product 6c as a slightly hygroscopic foam after extracting with ethyl acetate (3x 15 ml), washing (2x20 ml water, 2x20 ml brine) and purification by flash column chromatography. Synthesis of functionalize magnetic core shell nanoparticles (see Table 1 ). General Procedure. A suspension of pyrrole (1 mmol), 3-substituted pyrrole 6a-c (1 or 3 mmol) and Fe 3 O 4 magnetic nanofluid (0.788 g, 16.07 ml) in distilled water (30 ml) was stirred for 30 minutes. Ammonium persulfate (APS) (1 mmol) was dissolved in distillated water (85 ml) and added drop wise to this preformed mixture (Scheme 4). The reaction proceeded at room temperature under mechanical stirring for 20 h. The resulting black precipitate was separated by magnetic separation, washed with water and ethanol and dried at 60 o C for 24 h.
